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Claims 1-4, 7, 9-19 and 41-44 are pending in this Application. The Office Action mailed cm 
September 18, 2006, includes the following rejections: 

1 . Claims 1-4, 7, 9-19 and 41-44 are rejected under 35 U.S.C. § 1 12 first paragraph. 

2. Claims 1-4, 7, 9-19 and 41-44 are rejected under 35 U.S.C. § 1 12 second paragraph. 

3. Claims 15-17 and 19 are rejected under 35 U.S.C. § 102(b) as being anticipated by Livesey, et 
al. 

4. Claims 15-19 are rejected under 35 U.S.C. § 102(b) as being anticipated by Dennis, et al. 

5. Claims 15-19 are rejected under 35 U.S.C. § 102(b) as being anticipated by Gulati, et al. 

6. Claims 15-19 are rejected under 35 U.S.C, § 102(e) as being anticipated by Tanagho, et al. 

7. Claims 15-19 are rejected under 35 U.S.C. § 102(e) as being anticipated by Atala. 

8. Claims l-3,9-14and 17 are rejected under 35 U.S.C § 103. 

9. Claims 4, 7 and 18 are rejected under 35 U.S.C. § 103. 
Applicants respectfully address the basis for each of the Action's rejections below. 

Support for the amendments to the claims can be found throughout the application. Evidence of the 
reduced immunogenic response may be found throughout the application. The specification supports the 
amendments to the claim 1, specifically paragraph [0022], which compares the acellular replacement tissue of 
the present invention to an allograft and shows a significantly reduced immunologic response because surface 
cell antigens have been removed. Paragraphs [0037-0051] state the immune response of tissue prepared with 
the method of the present invention show that the native cell-free tissue adapts to its environment and is not 
rejected. Furthermore, the composition of the present invention (the native cell-free tissue) is not rejected as 
other tissue replacements or allografts. The specification evaluates the native-cell free tissues for immune 
response following implantation of a cell-free sciatic nerve graft under various conditions, e.g., Figures 2-3 
and Table 1 of the present application. In addition, paragraph [0043] compares the present invention to the 
current clinical approach (i.e., the autograft) used for several types of tissue repair (e.g., nerve tissue repair) 
and evaluates the immunologic response and the degree of immunologic rejection after surgery. 

The specification also supports the amendments to the claims 41 and 42, specifically paragraph 
[0011], which defines the basal laminae and endoneurium layer retain substantially the native extracellular 
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matrix structure as retaining the natural and generally original structure of the basal laminae and endoneuiium 
layer. The cellular components are specifically removed without significant alteration of the natural 
extracellular structure of the native extracellular matrix (ECM). The structure is preserved (referred to as 
intact structural components), specifically, the basal laminae and endoneurium/endothelial layer retain their 
natural and generally original structure. In addition, paragraph [0036] defines the removal of cells without 
creating structural damage (thereby retaining extracellular matrix and essential components). 

Claim Rejections - Claims 1-4, 7, 9-19 and 41-44 are rejected under 35 US. C § 112. 

The Action rejects claims 1-4, 7, 9-19 and 41-44 based on not complying with the written 
description requirement of 35 U.S.C § 112. The Action contends that the Triton X-200 listed in the 
specification provides examples of non-ionic detergents. Applicants assert that the specification provides 
examples of anionic detergents including Triton X-200. 

The specification as filed (page 12, paragraph [0042]) provides examples of anionic detergents 
including Triton X-200. Triton X-200 is tn-fact an anionic detergent. The manufacturer's product 
information sheet (attached as Appendix A and incorporated herein) lists Triton X-200 as an anionic 
detergent. Similarly, the Sigma-Aldrich detergent product index (attached as Appendix B and 
incorporated herein) lists Triton X-200 as an anionic detergent. Therefore, the specification does provide 
specific examples of anionic detergents. These arc described in a way that the skilled artisan would know 
the inventors had possession of the claimed invention and fully complied with 35 U.S.C. § 112 first 
paragraph. The claims also particularly point out arid distinctly claim the invention and fully complied 
with 35 U.S.C. § 1 12 second paragraph. 

As such, the specification satisfies the written description requirement under 35 U.S.C. § 112. 
For the reasons mentioned above, the Applicants respectfully request the withdrawal of the rejection 
under 35 U.S.C. § 112. 

Claims rejected under 35 U.S.CL § 102(b) as being anticipated. 

The structure, properties and characteristics of the product of the present invention are very 
different from the structure, properties and characteristics of the products disclosed in Livcsey, Dennis, 
Gulati, Tanagho and Atala. When assessing the patentability of product-by-process claims over the prior 
art, the structure implied by the process steps must be considered, especially where the product can be 
defined by the process steps by which the product is made, or where the manufacturing process Steps 
would be expected to impart distinctive structural characteristics to the final product. See, e.g,, In re 
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Garnero, 412 F-2d 276, 279, 162 USPQ 221, 223 (CCPA 1979). The products of claim 1-4, 7, 9^19 and 
41-44 can be defined by the process steps by which the products are made and the process steps create 
distinctive structural characteristics in the final products. 

The steps and materials used to prepare the graft of the present invention and the grafts of the 
cited references are different in both structure and physical characteristics and as a result, each of the final 
products arc different in both structure and physical characteristics. For example, the attached (see 
Appendix C and incorporated by reference herein) Tissue Engineering article pages 1641-1651 (Volume 
10, Number 1 1/12, 2004) (hereafter referred to as "Hudson"') illustrates the importance of maintaining the 
internal structure and extracellular matrix components of a nerve tissue graft and compares different 
methods of manufacturing nerve grafts. Hudson compares (page 1642 methods and materials section) a 
nerve tissue graft made by treatment with SB-10 (referred to in Hudson as w OA")> a chemical treatment 
method using sodium dcoxycholate similar to United States Patent Number 6,371,992 (referred to in 
Hudson as M Sondell") and a freeze thaw method (referred to in Hudson as "F-T"). 

Hudson provides in Figure 5 (page 1647) an image of the cross-sections of basal laminae 
visualized by laminin staining that compares the basal laminae after treatment with SB- 10 (referred to in 
Hudson as "OA"), a chemical treatment method using sodium deoxycholate similar to United States 
Patent Number 6,371,992 (referred to in Hudson as "Sondell") and a freeze thaw method (referred to m 
Hudson as "F-V). The different treatments produce different products with different structures and different 
characteristics. Figure 5 of Hudson shows the cross sections of the basal laminae (i,e., the rings) after 
treatment, illustrating the fresh nerve tissue (Figure 5a of Hudson) and the SB-10 treated nerve tissue 
(Figure 5b of Hudson) have intact basal laminaes. In contrast, the chemical treatment with sodium 
dcoxycholate by Sondell disrupted the basal laminae (Figure 5d of Hudson). 

The different treatments produce different products having different characteristics. For example, 
Figure 7 of Hudson is a graph that compares the capacity to support regeneration or the axon density at 
both 28 and 84 days, in a fresh graft, in an OA treated graft (i.e., the sample with SB-10), in a graft treated 
with sodium deoxycholate (as in Sondell) and in a graft treated by the freeze thaw method. Figure 7 of 
Hudson shows the highest axon density at both 28 and 84 days is seen in the OA treated graft (t\e., the 
sample with SB-10). A decrease in the axon density from 28 days to 84 days is seen for the sodium 
deoxycholate treated graft (as in Sondell) and the freeze thaw graft (F/T). Hudson states that the OA graft 
showed a 910% higher axon density compared to the freeze thaw graft and a 401% higher axon density 
compared to the sodium deoxycholate treated graft (Sondell) (page 1650). 

The treatment with SB-10 (e.g., OA treated graft of Hudson) showed a high capacity to support 
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regeneration and maintained the extracellular matrix components and structure In contrast, the graft 
prepared by the freeze thaw method showed a lower capacity to support regeneration and did not remove the 
cellular debris; similarly, the graft prepared by the sodium deoxycholate treatment (as in Sondell) showed a 
lower capacity to support regeneration and did not retain the extracellular matrix and structure (see page 

1648 and Figure 7 of Hudson), fa addition, the treatment with SB- 10 (e.g., the OA treated graft of Hudson) 
did not show an increase in the CD8+ cells, and indicated that a rejection reaction was not present (page 

1649 of Hudson). The process steps by which the products are made impart distinctive structures, 
characteristics and properties to the final product 

Therefore, products made by different methods (e.g., freeze thaw treatments, chemical treatments 
and the present invention) having different steps, mechanisms and reagents impart different 
characteristics and properties on their respective products. Thus, the products made by these processes 
cannot be identical products. 

Claims 15-17 and 19 arc rejected under 35 US.C § 102(b) as being anticipated by Livesey, et al 

Applicants disagree with the Action's analysis of U,S. Patent No. 5,336,616 to Livesey, et al., 
("Livesey"), which is said to disclose the claimed invention. Livesey docs not anticipate claims 15-17 
and 19 of the present invention. Livesey does not disclose the limitations related to nerve tissue, 
structural integrity, the reduction in the immune response of the graft or the enhanced capacity for 
regeneration produced by the present invention. As such, Livesey simply cannot anticipate the present 
invention. 

The process steps of the present invention and Livesey are different; and, as a result, the products 
defined by the processes are different. Livesey discloses a product that is made by a process using 
different chemical agents to produce a product that has different properties than the product of the present 
invention. The chemical agents disclosed by Livesey include Triton X-100, polyoxyethylcnc (20) 
sorbitan mono-oleate and polyoxycthylene (80) sorbitan mono-oleate (Twccn 20 and 80) (c.9, 1L41-52) 
which are non-ionic and sodium deoxycholate, and sodium dodecyl sulfate (id.) which are anionic. After 
Livesey dccellularizes the tissue, it is incubated in a cry ©preservation solution and cryopreserved. 
Furthermore, Livesey does not disclose sulfobetaincs alone or in combination with an anionic surface- 
active detergent. 

Although chemicals can be lumped into broad categories of generally similar characteristics, it 
cannot be said that each individual chemical of that category is the same (e.g., all organic compounds can 
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be placed into one category-organic s, but all organic compounds arc not the same). Similarly, detergents 
are different characteristics (e.g., composition, structure, characteristics, charge, size, etc) and as such 
their interaction with a substrate is different because it is dictated by the characteristics of the detergent. 
Although, some general characteristics of being a detergent may be shared, the individual compounds are 
not interchangeable as their specific compositions, structures, characteristics, charges and sizes are 
different. 

The chemicals used in the present invention and Livesey have different structures, different 
chemical formulas and different characteristics; therefore, the products produced by these processes 
cannot be identical. The skilled artisan knows that different compounds have different properties (e.g., 
the critical micelle concentration value, solubility, amount of damage to protein structures, amount of 
' myelin basic protein removed and so forth) and with different properties, the ability to decellularize tissue 
is different As the degree of decellularization is different, the product must be different. With 
differences in the degree of decellularization, the present invention and the product of Livesey cannot be 
identical. Therefore, the process of the present invention imparts distinctive structural characteristics to 
die final product. 

Applicants respectfully submit that the Livesey fails to meet the standard of 35 U.S.C § 102(b). 
As such, Livesey does not anticipate any of the claims of the present invention. Applicants respectfully 
request the withdrawal of the rejection under 35 U.S.C §102(b). 

Claims 15-19 are rejected under 35 U.S. C § 102(b) as being anticipated by Dennis, et al 

The Action rejects claims 15-19 under 35 U.S.C. § 102(b) as anticipated by Dermis, et al., 
("Dennis") (U.S. Patent No. 6,207,451), which is said to disclose the claimed invention. Applicants 
respectfully submit that the cited reference fails to meet the standard of 35 U.S.C § 102(b). 

The products of claim 15-19 can be defined by the process steps by which the products arc made 
and these process steps impart distinctive structural characteristics to the final product. The process steps 
of the present invention and Dennis are different and, as a result, the products defined by the processes are 
different. Dennis teaches acellularized muscle anchors made by removing the muscles tissue from a 
subject, cut the muscles tissue into strips and pinned them to a substrate. The muscle strips arc treated 
with a NaNj solution a deoxycholic acid (sodium salt), a solution of SDS and a solution of TRITON X- 
100. 

Dennis teaches a product made by a process using rnammaltan_musclc construct, which is 
developed in vitro from cells extracted from mammals- First, Dennis relates to muscle tissue. Second, the 
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product made by the process of Dennis and the product made by the present invention are different. Third, 
Dennis does not disclose the treatment with one or more sulfobetaines, nor does Dennis disclose the 
treatment with sulfobetaines and an anionic surface-active detergent. Dennis and the present invention use 
very different processes and reagents. As a result these differences impart distinctive structural 
characteristics to the respective final products (for the same reason as stated above). 

Applicants respectfully submit that Dennis fails to meet the standard of 35 U.S.C. § 102(b). The 
products of the present invention can be defined by the process steps by which they are made and those 
process steps impart distinctive structural characteristics to the final products. As such Dennis does not 
anticipate any of the claims of the present invention. Applicants respectfully request the withdrawal of 
the rejection under 35 U.S.C. §102(b). 

Claims 15-19 are rejected under 35 U.S.C § 102(b) as being anticipated by Gulati, et al 

The Action rejects claims 15-19 under 35 U.S.C. § 102(b) as anticipated by Gulati, et al., 
("Gulati"), which is said to disclose the claimed invention. Applicants respectfully submit that the cited 
reference fails to meet the standard of 35 U.S.C. § 102(b). 

The products of claim 15-19 of the present invention can be defined by the process steps by 
which the products are made and the process steps impart distinctive structural characteristics to the final 
product. The process steps of the present invention and Gulati are different; and, as a result, the products 
defined by the processes are different. Gulati discloses a product that is made by a process of harvesting 
degenerated nerve cells and repeatedly freezing them in N 2 0)- Gulati then places the nerve cell on a dish of 
cultured cells (see page 120, section 2.3). It is unclear how a single nerve cell on an in vitro tissue culnire that 
is repeatedly frozen and thawed is the same as a native, cell-free tissue replacement. Regardless, the 
process of Gulati creates a product that has a different composition, structure and characteristics than the 
product of the present invention. 

Gulati does not disclose a tissue replacement made by soaking a tissue in a solution having one or 
more sulfobetaines, washing the tissue replacement in one or more solutions of a buffered salt, extracting 
with an anionic surface-active detergent and washing the tissue replacement in one or more solutions of a 
buffered salt. Gulati and the present invention are clearly different in processes and as such impart 
distinctive structural characteristics to the final product. Therefore, the product in. Gulati and the product 
of the present invention are different, made by different processes and possess different characteristics. 

Applicants respectfully submit that the Gulati fails to meet the standard of 35 U.S.C. § 102(b). 
As such Gulati does not anticipate any of the claims of the present invention. Applicants respectfully 
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request the withdrawal of the rejection under 35 U.S.C §l02(b). 

Claims 15-19 are rejected under 35 U.S.C. § 102(e) as being anticipated by Tanagho, et al. 

The Action rejects claims 15^19 under 35 U.S.C. § 102(b) as anticipated by Tanagho, et al., 
United States Patent Number 6,371,992 ('Tanagho"), which is said to disclose the claimed invention. 
Applicants respectfully submit that the cited reference fails to meet the standard of 35 U.S.C § 102(e). 

The process steps of the present invention and the process steps in Tanagho are different; and, as 
a result, the products made by these processes are different. Tanagho discloses a product that is made 
using a chemical treatment that includes a sodium dcoxycholate solution containing sodium azide to 
remove cell membranes and intracellular lipids from the intermediate matrix. Tanagho does not disclose 
a serve tissue replacement product obtained by a soaking an obtained nerve tissue replacement in a 
solution having one or more sulfobetaines, washing the tissue replacement in one or more solutions of a 
buffered salt, extracting with an anionic surface-active detergent and washing the tissue replacement in 
one or more solutions of a buffered salt. 

The skilled artisan knows that different compounds have different properties (e.g., the critical 
micelle concentration value, solubility, amount of damage to protein structures, amount of myelin basic 
protein removed and so forth) and with different properties, the ability to decellularize tissue is different. 
As the degree of dcccllularization is different, the final product must be different, as shown in Figure 10. 
Therefore, the differences in the degree of decellularization between the product of the present invention 
and the product of Tanagho result in the products being different (e.g., having different compositions, 
structures and characteristics). The different properties of the compounds used in Tanagho and the 
present invention result m different components being removed from the tissue to form a product having a 
unique internal structure with different extracellular matrix (ECM) components. The process of the 
present invention imparts distinctive structural characteristics to the final product. Thus, the product of 
Tanagho does not maintain the same composition as the product of the present invention so they cannot be 
identical. 

Applicants respectfully submit that the Tanagho fails to meet the standard of 35 U.S.C. § 102(e). 
As such Tanagho does not anticipate any of the claims of the present invention. Applicants respectfully 
request the withdrawal of the rejection under 35 U.S.C. § 102(e). 

Claim Rejections - Claims 15-19 are refected under 35 U.S.G § 102(e) as being anticipated by Ataku 

The Action rejects claims 15-19 under 35 U.S.C- § 102(e) as anticipated by Atala, United States 
Patent Number 6376,244 ("Atala*'), which is said to disclose the claimed invention. Applicants 
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respectfully submit that the cited reference fails to meet the standard of 35 U.S.C § 102(e). 

First, Atala relates to an organ or part of an organ. Second, the process steps of the present 
invention and Atala are different and as a result, the products defined by those processes are different. 
Third, Atala discloses a product that is made using severe mechanical treatments using a magnetic stir 
plate and a paddle or a rotator platform. In contrast, the present invention provides a tissue replacement 
product obtained by soaking an obtained tissue replacement in a solution having one or more 
sulfobetaines, washing the tissue replacement in one or more solutions of a buffered salt, extracting with 
an anionic surface-active detergent and washing the tissue replacement in one or more solutions of a 
buffered salt The process used in Atala and the present invention are different and impart different 
characteristics on the respective products. These distinctly different processes result in distinctly different 
final products. Thus, the product of Atala does not maintain the same composition as the product of the 
present invention so they cannot be identical. 

Applicants respectfully submit that the Atala fails to meet the standard of 35 U.S.C. § 102(e). As 
such, Atala does not anticipate any of the claims of the present invention. Applicants respectfully request 
the withdrawal of the rejection under 35 U.S.C. § 1 02(e). 

Claims 1-3 f 9-14 and 17 are rejected under 35 § 103 as being unpatentable overLivesey in view 

of "Detergent Properties and Applications" 

Applicants respectfully submit that claims 1-3, 9-14 and 17 are not obvious over the cited art and 
are, therefore, allowable under 35 U.S.C. § 103(a) for the reasons stated below. 

A prima facie case of obviousness has not been established as (1) the prior art or combined 
references does not teach or suggest all the claim limitations, (2) there is no reasonable expectation of 
success and (3) there is no suggestion or motivation in the prior art to modify the reference or to combine 
reference teachings as proposed. 

The Action states it would have been obvious to combine Livesey with a reference entitled, 
"Detergent Properties and Applications" to achieve the present invention. Livesey as discussed, supra 
(arguments incorporated herein by reference) does not include each and every limitation of the present 
invention. Livesey does not disclose nerve tissue replacements, does not disclose treatment with 
sulfobetaines* and the product formed by Livesey is different than the product of the present invention. 
The 'T>etergent Properties and Applications** reference is merely a list lumping the zwittcrionic detergents 
together; however, each of the detergents are different, each having different structures, characteristics 
and properties. The addition of the cited reference does not cure the deficiencies of Livesey, and even if 
the cited reference did (which it does not), a prima facie case of obviousness would still not established 
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because there is not a reasonable expectation of success and no suggestion or motivation in the prior art to 
modify the reference or to combine reference teachings as proposed. 

Applicants assert that all zwittcrionic detergents are not interchangeable and blindly/randomly 
selecting one from a list of compounds docs not provide any reasonable expectation of success and 
neither Livesey, the cited reference or any combination thereof suggest or provide motivation or guidance 
as to which of the numerous compounds to select one from the list, (see In re Ruschig et aL 9 145 
U.S.P.Q. 274 (CC.P.A. 1965) stating an anticipation is not made out through hindsight selection based on 
applicant's disclosure of variables of a broad generic disclosure.) For example, studies have compared 
CHAPS to SB-10 and SB-16, as well as numerous other detergents, covering the zwittcrionic, anionic, 
cationic, and non-ionic categories and significant differences were seen in their affect on nerve tissue. 
Knowing how each of these factors will impact the various components within nerve tissue (e.g., myelin, 
axons, collagen, laminin) is by no means obvious or trivial 

In addition, the Action's statement that the use of de-ionized distilled water would have been 
obvious is incorrect. Livesey taught the use of de-ionized water to wash off the fascia. In contrast, 
distilled water loosens the myelin sheaths (which are about 90% lipid) that surround the axons and swells 
in the presence of distilled water and allows the subsequent detergent solutions to penetrate and disrupt 
the cellular membranes of the myelin sheaths. 

Accordingly, Applicants respectfully submit that the claims are not obvious over Livesey and the 
Sigma-Aldrich reference "Detergent Properties and Applications" and are, therefore, allowable under 35 
U.S.C. § 103(a). Applicants respectfully request that the rejection of the claims be withdrawn. 

Claim Rejections - Claims 4, 7 and 18 are rejected under 35 U.S.C § 103 as being unpatentable over 
Livesey in view of Atala 

Applicants respectfully submit that claims 4, 7 and 18 arc not obvious over the cited art and are, 
therefore, allowable under 35 U.S.C, § 103(a) for the reasons stated below. 

Neither Livesey or Atala (each of which are discussed supra and arguments incorporate herein by 
reference) nor any combination thereof teach or suggest all the claim limitations. Furthermore, there is no 
reasonable expectation of success and there is no suggestion or motivation in the prior art to modify the 
reference or to combine reference teachings as proposed. As such, a prima facie case of obviousness has 
not been established. Applicants respectfully request that the rejection of claims 4 S 7 and 18 be 
withdrawn. 
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RECEIVED 
CENTRAL FAX CENTER 

JAN 1 8 2007 



Conclusion 



In light of the remarks and arguments presented above, Applicants respectfully submit that the 
claims in the Application are in condition for allowance. Favorable consideration and allowance of the 
pending claims 1 -4 7 7, 9-1 9 and 41 -44 are therefore respectfully requested. 

Applicants believe no fees are due at this time. If the Examiner has any questions or comments, 
or if further clarification is required, it is requested that the Examiner contact the undersigned at the 
telephone number listed below. 



Customer No. 34,725 
ChalkerFlores, LLP 
271 1 LBJ Freeway Suite 1036 
Dallas, TX 75234 
214.866.0001 Telephone 
214,866.0010 Facsimile 



Page 14 of 23 

PAGE 19/39 * RCVD AT 1/18/2007 4:20:1 1 PM [Eastern Standard Time] * SVR:USPTO-EFXRF-3/8 * DNIS:2738300 * CSID:2148660010 ' DURATION (mm-ss):13«44 



Dated: January 18, 2007. 



Respectfully submitted, 



Chainey P, Singleton 
Reg. No. 38,453 

ATTORNEY FOR APPLICANTS 



01/18/2097 15:17 2148660010 



CHALKER FLORES LLP 



PAGE 20/39 



Application No. 10/672,689 

Amdt dated Jan. 18, 2007 

Reply to Office Action of Sept. 18, 2006 

Appendix A 



Product Information 

DOW Surfactants 



Page-tofS 



TRITON* X-200 Surfactant 



Benefits 

• Excellent detergent with tattering 
properties 

• High stable foam 

• Low toxicity 

• Effective In hartJ water 

• Good stability to etedrolytea 4 chlorine 


Applications 

• Personal care applications 

• Emulsion polymerization 

• Mild alkaline cleaners 

• Heavy duty cleaners 


Physical properties 

Actfvea, wt% 

Solvent 

Appearance 


28 
Water 
Opaque, wtrfe 
Rqutf 


Performance Properties 

EquflfcrhJrn surface tension 1 , dynes/cm 
Critics! mfcefle concentration In dtafiOed 
water at 25*c (77T), ppm 


30 
970 




6.6 


Dram 25 sec wetting cone wtifc 
at2SX{7TF) 


G.B7 


VStcoalty at 23*C <77*F), zP 
Dertslly « 25X (77TK 0tflL 
Rash PI. Closed Cvp, A&TM D83 
Pour point «c (*F) 


7000 
None 

-1 m 


Ross-Mites Foam Test, in&UaVS min, 
M%at25'C (7TF), mm 
60*C(122T) 


68/31 
155/7$ 


NOTE: Addtiondl pfrytfeaf art* ehe*T**l property data is located « 
ttt (Wtol M#tarit* SrfWy S>*«t. 


'Uaaaurt at O.t m% and 2fi *0 (77 •?) 




Solubility and Compatibility 

• Soluble in water 

• Chemically stable in acids & bases 

» Compatible with nonlomc & other anionic 
detergents 


Chemical Description 

Name: PoJyether sulfonate 
Surfactant Type: Anionic 



Additional product Information and performance data Is aval labia by 

requesting datasheets that are listed on th» backside of this p»0»- 
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DOW Surfactants 

Page 2 of 2 



Data&hMts 

♦ DOW Specialty Surfactants Reference Chart. 1 19-01491 

• TRITON & TERG1TOL Surfedante for Household, Industrial & Institutional Cleaning CD, 
119-01485-O501 

• TRITON & TERGfTOL Surfactants for Paint Coatings, Adheslves, Stabilizers & Emulsion 
Polymerization CD, 11&41536 

* Contact DOW Customer Service for current listing on conformance of TRITON Surfactants 
with U. 3. FDA Regulations 
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r>ttiifgortt Product Undo* 



Anionic 

P^jAifl Www 

Pumrtroyctai c arid Ml w» ML a^irwn B*% 



t*oryctuto add «*bi* «trf v mkol t«* 

Dbmp^ -o^pi mWnvm 90%, vnmrf *oW 
OocnaDlo Dotfta ■* «QmaU*i. nlrVivm m* 

oytri*fc *iJd syd**!*. ^ntSMc, *wfl*no» P7* (71CI 
Crfyw*c*> *cM »mM*i *** ***** ***nur* 97* (TLCJ 



N*bH«e»4MitoatM wAiJerf 70% 



«v«*WMk (OG3 

Lftfcm d&5« ISO 

' l*ifcii» dodweyl GfeftMU**, [GO 
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Optimized Acellular Nerve Graft Is Immunologically Tolerated 

and Supports Regeneration 

TEKRV W. HUDSON, Ph.D,, 1 SCOTT ZAWKO, B.S., 1 CURT DFJSTER, B>S^ 
SCOtT LUNDY, 2 CHAR Y- HU,* KATE LEE, 1 and CHRISTINE E. SCHMIDT, FfeJX 1 ** 



ABSTRACT 

To replace the autologous graft as a clinical treatment of peripheral nerve injuries we developed an 
optimized acelluJar (OA) nerve graft that retains the extracellular structure of peripheral nerve tis- 
sue via ah improved chemical decellvlarization treatment. The process removes cellular rrtembraues 
from tissue, thus dimjbaatuig the antigens responsible for allograft rejection. In the present study, 
the immunogenicity and regenerative capacity of the OA grafts were tested. Histological examina- 
tion of the levels of CD8 + cells and macrophages that infiltrated the OA grafts suggested that the 
decellularization process averted cell-mediated rejection of the grafts. In a subsequent experiment, 
regeneration in OA grafts was compared with that in isografts (comparable to the clinical autograft) 
and two published acellular graft models. After 84 days, the axon density at the midpoints of OA 
grafts was statistically indistinguishable from that in isografts, 910% higher than in the thermally 
deceDnlarized model described by Gulati (J. Neurosurg. 68, 117, 1988), and 401% higher than in 
the chemically decellulariaed model described by Sondell et al (Brain Res. 795, 44, 1998). In sum- 
mary, the results imply that OA grafts are immunologically tolerated and that (he remdval of cel- 
lular material and preservation of the matrix are beneficial for promoting regeneration through an 
acellular nerve graft. 



INTRODUCTION 

The majority of severed peripheral nerves arc treated 
cither by surgical realignment of the individual nerve 
fascicles (i,e. T primary neurorrhaphy) or by implantation 
of an autologous nerve graft (i.e.. an autograft). Primary 
neurorrhaphy is performed if the nerve ends can be su- 
tured together without inducing tension: otherwise, an au- 
tograft is typically used to bridge the gap between the 
severed nerve ends. Development of an equally effective 
replacement for the autograft is needed because the pro- 
cedure entails multiple surgeries and the loss of function 
or sensation at the donor site. 12 To date, no alternative 



as effective as the autograft at stimulating regeneration 
over long distances bas been demonstrated. 3 

The internal structure and extracellular matrix (ECM) 
components of a nerve graft have been shown to be crit- 
ical for guiding cell migration and nerve fiber elonga- 
tion.^ 6 Thus, development of an .acellular nerve graft 
which contains the natural ECM components and struc- 
ture but not native cells, could be valuable as an alter- 
native to the current autograft. Acellular nerve grafts can 
also be used to study the roles of the ECM and cellular 
components concomitantly. 

To create acellular grafts, the cellular components can 
be removed from donor tissue by several techniques in- 



1 Department of Chemical Engineering. 2 Denartmenl of Biomedical Engineering, ^Department of Electrical Engineering, and 
*Tesas Materials Institute. University of Texas at Austin, Austin, Texas. 
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eluding thermal 7 and chemical 8 processes. Thermal de- 
ccllularization is the most common process in the litera- 
ture; it entails subjecting the tissue to repeated 
freeze-thaw cycles. Atthough thermal decetlularization 
does kill the cells and render the graft generally non Im- 
munogenic* 10 the process docs not extract the cell rem- 
nants. As a result, an elevated number of Schwann cells 
and macrophages invade the basal lamina tubes to clear 
the cellular debris during the first days after implanta- 
tion. This cellular invasion potentially delays the regen- 
erative process and damages the basal laminae. 15 " 13 

Several chemical treatments have been designed to 
render nerve grafts non immunogenic while also remov- 
ing much of the cellular debris. However, chemical treat- 
ments cause more damage to the ECM than thermal do- 
cellularixation. ,4J5 One of the most common chemical 
deccllularization protocols in the literature was originally 
developed by Johnson etaL tfl and later modified by Son- 
dell *f at* 

We previously developed a chemical deccllularization 
process to create optimized acel hilar (OA) nerve grafts 
with an extracellular environment similar to that of na- 
tive nerve tissue, but without the cellular material that is 
believed to elicit cell-mediated rejection. 17 Thorough his- 
tological evidence was presented in that article demon- 
strating both cell (e.g., Schwann cells) removal and ECM 
(e.g., basal laminae). preservation. In the present study we 
had two primary goals: (J) to determine whether the re- 
moval of cellular components accomplished with the OA 
protocol translated into an immunologically tolerated 
graft, and (2) to compare the regenerative capacity of the 
OA graft with that of other established acellular graft 
models. Addressing the first goal of this work, wc im- 
planted OA grafts into rats of a different strain than the 
donor animals (i.e.. allografts). Rejection was evaluated 
after 28 days on the basis of the level of immune cells 
(e.g., T cells and macrophages) in the graft. 18 The level 
of cells expressing CD8 1 moieties (i.e., cell surface 
markers on cytotoxic T cells) and macrophage cells in 
the grafts after 28 days demonstrated that the OA grafts 
were not undergoing cell- mediated rejection. Thus, the 
removal of cellular material translated into an immuno- 
logically tolerated graft. 

Regeneration in OA grafts after 28 and 84 days was 
compared with that in nerve grafts created according to 
published thermal and chemical deccllularization proto- 
cols. These other models were used to study the impor- 
tance of ECM preservation and cellular removal in re- 
generative capacity. Axon density was significantly 
higher in OA grafts than in the other acellular models, 
implying that preservation of the natural ECM and re- 
moval of cellular material are beneficial for regeneration 
through an acellular nerve graft. Even though regenerat- 
ing nerves have been shown to grow across a J 0-rnm gap 
spontaneously, the 10-mm gap was selected for this head- 
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to-head study. This was necessary so that our data could 
be compared with published work on other acellular graft 
models that also employed the 10-mm gap. 

MATERIALS AND METHODS 

Creation of grafts 

To create OA grafts, both the left and right sciatic 
nerves were harvested under aseptic conditions from 350- 
g Harlan Sprague-Dawley (HSD) male rats. 1 The tissue 
was handled only on the ends to minimize structural dam- 
age. On harvest, the nerves were immediately placed in 
RPMI 1640 solution at 4°C. All subsequent steps were 
conducted in a laminar flow hood for sterility. Fatty and 
connective tissue was removed from the nerve 
epineurium. The nerve tissue was cut into 15-mm seg- 
ments and placed in a 15-mL conical tube filled with 
deionized distilled water. All washing steps Were carried 
out at 25*C with agitation. After 7 h, the water was as- 
pirated and replaced by a solution containing 125 reM 
sulfobetaine-10 (SB-10), 10 mM phosphate, and 50 mM 
sodium. The nerves were agitated for 15 h. The tissue 
was then rinsed for 15 min in a washing solution of 50 
mM phosphate and 100 mM sodium. Next, the washing 
solution was replaced by a solution containing 0-14% Tri- 
ton X-200, 0.6. mM sulfobetaine-16 (SJB-J6), 10 mM 
phosphate, and 50 mM sodium. After agitatiinn for 24 h, 
the tissue was rinsed with the washing solution three 
times (5 min per rinse). The nerve segments were again 
agitated in the SB- 10 solution (7 h), washed once, and 
agitated in the SB-16/Triton X-200 solution: (15 h). Fi- 
nally, the tissue segments were washed three times (15 
min each) in 3 solution containing 1 0 mM phosphate and 
50 mM sodium and stored in the same solution at 4°C 

Other acellular nerve graft models were created ac- 
cording to published methods as a basis for comparison. 
The chemically decellularizcd model was created by a 
protocol published by Sondcll er at* Briefly, the nerve 
tissue was agitated in distilled Water for 7 h> in 46 mM 
Triton X-100 in distilled water overnight, and then in 96 
mM sodium deqxycholatc in distilled water for 24 h. 
These steps were repeated before performing a final wash 
in distilled water. All treatment steps were performed at 
room temperature, and the tissue was subsequently stored 
in 10 mM phosphate-buffered saline (PBS) solution at 
4*C. 

The theimaUy decellularized model (i.e., afrccze-thaw 
graft) was created according to the protocol described by 
Gulati. 19 Immediately after harvest, nerve tissue was 
dipped in liquid nitrogen for 20 s and thawed in PBS at 
room temperature for GO s, and then the process was re- 
peated four additional times. The freeze-thaw (F-T) 
grafts were placed in PBS at room temperature and used 
within 30 min. 
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All chemicals were purchased from Sigma (St Louis, 
MO) unless otherwise noted. All solutions were auto- 
clave*) or filter sterilized before use. 

Implantation of grafts 

Isografts and allografts were used to test the immuno- 
genicity of the OA grafts. Isografts, which mimic the au- 
tograft, were harvested from a donor animal (e.g., Lewis 
rat) of the same strain a$ the host animal (e.g., Lewis rat). 
This served as a negative control for any immune re- 
sponse that results from the surgical procedure alone. Al- 
lografts were harvested from a donor animal (e.g., HSD 
rat) of a different strain than the host animal (e.g., Lewis 
rat). The differences between these rat strains arc Ad- 
dressed in the Discussion (below). The fresh allograft 
served as a positive control because it is known to elicit 
cell-mediated rejection. The OA isografc was used to ex- 
amine the in vivo response to the treatment protocol (e.g., 
response to residual chemicals). An OA allograft wo? in- 
spected for residual antigens following our dcccUuJar- 
ization procedure. The four experimental conditions 
tested are summarized io Table I. 

Each rat was anesthetized with an intraperitoneal in- 
jection of kctaminc (120 mg/kg body weight: Webster 
Veterinary Supply, Sterling, MA) and xylazine (15 mg/kg 
body weight; Webster Veterinary Supply). The sciatic 
nerve on the right side was exposed, transected, and 5 
mm of nerve was removed. The ends of the graft were 
trimmed immediately before implantation to attain a 
clean-cut 10-mm graft. The graft was sutured to both the 
proximal and distal nerve ends, using 1 0-0 vicryl sutures 
(Bthicon, Soraervillc NJ). The muscle was drawn back 
together with 5-0 chromic gut sutures (Ethicon), and the 
skin was closed with wound clips (BD Diagnostics, 
Sparks, MD). Surgical methods were performed in ac- 
cordance with regulations established by the National Re- 
search Council in the Guide for the Care and Use of Lab- 
oratory Animate. 70 

[mimmogenicity of grafts evaluated by histology 

Grafts representing all four experimental conditions 
were harvested 28 days after implantation, Bach animal 



was reanesthctized. and the nerve graft was exposed. Be- 
fore harvesting, the graft was fixed for 1 rrrin with 3% 
glutanildehyde-4% paraformaldehyde in PBS. The sci- 
atic nerve was then transected 5 mm above, and below 
the graft, the distal end was marked with a stitch, and the 
graft was placed in fixative at 4 ft C. After 30 fflin, the graft 
was transferred to PBS and stored at 4°C until it was em- 
bedded in paraffin. 

Histology was used to inspect the allografts for signs 
of immunological rejection. The tissue was dehydrated 
with graded alcohol solutions and xylene, and then cm- 
bedded in paraffin. Longitudinal sections of tissue, 7 jam 
thick, were cut with a microtome and captured on glass 
slides. Immunostainmg was performed with anti-CD8a 
(BD Biosciences Fharmingcn, San Diego. CA) and anti- 
macrophage (Chemicon International, Temecu]a, CA) 
primary antibodies. Horseradish peroxidase (HRP)- 
tagged secondary antibodies. 3,3^diaminobcnzidine 
(DAB) substrate (Vector Laboratories. Biirlingame, CA)* 
awl an eosin counteistain were used to visualize the in- 
vading cells. The stained sections were visualized on an 
Olympus 1X70 (Olympus America, Melville, NY) in- 
verted microscope, and the images were captured with an 
Optronics MagnaBre (Goleta, CA) digital color camera. 
Images of the stained tissue sections were combined m 
Adobe Photoshop to create a composite of the entire graft. 
Using Scion Image software (Scion, Frederick, MA), the 
percentage of area of the graft covered witfi positively 
stained CDS" 1 " cells and macrophages was determined. 

Acellular graft models compared in vivo 

To study the impact of cellular debris and structural 
preservation on regeneration, three acellular graft mod* 
els were examined in vivo. OA grafts. Son dell grafts, and 
F-T grafts were created as described in Materials and 
Methods. Fresh grafts are a mimic of the clinical auto- 
graft and were included in the experiments as a positive 
control. Hie OA grafts and Sondell grafts were prepared 
within 30 days of implantation. The time between har- 
vest and implantation of the F-T grafts and fresh grafts 
was never longer than 30 min. Donor and host animals 
were HSD rats. 



Table 1, Implants to Examine Immunological Tolkkanck op OrnMiZEn Ghafts 





Donor 


Host 


Numlwr of 




Craft type 


strain 


strain 


implanto 


Analyzing response to: 


Fresh, isograft 


Lewis 8 


Lewis 


3 


Surgical procedure (negative control) 




USD* 


HSD 


3 


Surgical procedure (ncgdrivc control) 


FresJi allograft 


Lewis 


HSD 


5 


Natural antigen a (positive control) 


Optimized acellular isograft 


HSD 


HSD 


5 


Treatment protocol 


Optimized nceJUHjif allograft 


Lewis 


HSD 


5 


Residual anrigen$ 



°Lcwis rats are an inbred strain (i.e.. greater than 98% genetic homogeneity). 
h HSD rats are an outbred .strain, but the urrimafs used were from a closed colony. 
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Histological comparison of decellularized tissues 

A comparison of the ECM structure in the acellular 
grafts before implantation was conducted by visualiz- 
ing the basal laminae. The grafts were prepared as pre- 
viously described, embedded, and cross-sectioned. An 
anti-laminio primary antibody (Developmental Studies 
Hybridoma Bank, Iowa City, IA) and a tctramcthyl- 
rhodamine isothiocyanate (TRITC)-conjugated goat anti- 
mouse .secondary antibody (Jackson ImmunoResearch, 
West Grove, PA) were employed in the irnmunostaimng 
procedure. 

Regenerative capacity of grafts evaluated 
by histology 

Grafts Were harvested 28 and 84 days after implanta- 
tion (Table 2). The numbers of harvested grafts for each 
time point are not the same because some animals were 
killed! early due to automutilation. which is consistent 
with the automutilation in HSDrats observed by others. 21 

To evaluate the regenerative potential of the three acel- 
lular graft models, longitudinal tissue sections were 
stained for regenerated axons* using the RT97 anti-ncu- 
rofi lament primary antibody (Developmental Studies Hy- 
bridoma Bank), an HRP-conjugated secondary antibody, 
and DAB. Subsequently, cross-sections were cut from the 
midpoint of the grafts and stained for neurofilaments The 
stained sections were visualized with a X20 objective and 
images were captured with a digital camera. A 20 X 16 
cm image was printed for each sample. The number of 
nerve fibers in each image was counted, and the area of 
nerve cabk in the image was measured. Because a por- 
tion of the nerve cable had been removed by sectioning 
the tissue longitudinally before taking cross-sections, the 
total number of axons in each nerve cable could not be 
determined Instead, axon density was calculated by di- 
viding the number of nerve fibers by the area of the ca- 
ble from which the count was taken. Select specimens 
were not used in the axon density analysis if less than 
33% of the nerve cable remained after longitudinal sec- 
tioning. The number of samples analyzed for each graft 
and time point is reported with tbe axon density data. Re- 
gions of connective tissue at the periphery of the graft. 



Taw.f 2. iMWwtNT*; rr> Evaluate tot, Rkgrnerativk 





Harvested 


Harvested 


Graft type 


(28 days) 


(M days) 


Fresh 


9 


6 


Sonde!) 


6 


3 


Fteeze-thaw 


6 


4 


Optimized acellular 


9 


6 
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based on morphological evaluation, wene excluded from 
the analysis. 

Statistical analysis 

Anatysis of variance (ANOVA) was performed to de- 
termine the statistical significance of the differences be- 
tween results. Specifically., an F test was used to deter- 
mine whether the variability between data sees was equal 
or unequal. A t test was then used to determine whether 
the difference between the averages of the ddta sets was 
statistically significant A significance level of p < 0-05 
was used as the cutoff (i.e., p values are reported only 
for cases in which p < 0-05). 

RESULTS 

OA grafts are immunologically tolerated 

To evaluate the immunological response by a host to 
OA grafts, four experimental conditions were tested 
with sciatic nerve graft implants (Tabic 1). fey staining 
longitudinal sections of grafts for cytotoxic T ceTis and 
macrophages, the level of cell-mediated immune re- 
sponse was determined. Elevated levels of cytotoxic T 
cells are expected in tissues undergoing cell -mediated 
rejection and increased levels of macrophage cells arc 
expected in rejected allografts. However, macrophages 
are also recruited during Wallcrian degeneration to clear 
debris and release neurotrophic factors for regenerating 
nerves. At 28 days, both cell types could be seen 
throughout the full length of all grafts (Figs. 1 and 3). 
The infiltration of CD8+ cells into fresh allografts was 
higher than into fresh isografts (p < 0.01) and OA grafts 
ip < 0.005) (Fig. 2). Meanwhile, the levels of CD8+ 
cells in OA isografts and OA allografts were lower than 
those observed in fresh isografts (p < 0.05). Macro- 
phage invasion into fresb isografts was lower than into 
fresh allografts (p < 0.05), but the differences between 
other grafts were not statistically significant (Fig. 4). 
Thus, histological examination of the levels of CDS* 
cells and macrophages that infiltrated OA grafts sug- 
gested that the decel totalization process averted cell- 
mediated rejection of the grafts. 

OA process preserves the ECM 

Images of tissue sections stained for latritnin allow 
comparison of basal laminae preservation among the de- 
cellularization protocols (Fig. 5). The ringlike structures 
in native nerve tissue are open columns of basal laminae 
(Fig. 5a), and similar structures are apparent in tissue 
treated according to the OA protocol (Fig. 5b) and the 
F-T protocol (Fig. 5c). The basal laminae appear highly 
fragmented in tissue created according lo tbe SondeH pro- 
tocol (Fig. Sd). 
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FIG, 1, Longitudinal sections of tissue were cut from (a) Iresh isografts, (b) fresh allografts, (c) OA isografts. and (d) OA al- 
lografts harvested 2S days after implantation. Tissue sections were stained for CD8, a surface marker on cytotoxic T ceUs. The 
level of staining in the fresh allografts was visibly higher, but the OA grafts appeared indistinguishable from the fresh isografts. 
Scale bar; 200 jam, 




FIG. 2. Cell-mediated immune Tesponse in fresh and OA nerve grafts was evaluated by determining the percentage of tissue 
covered by COS" 1 ' cells. Fresh allografts demonstrated a statistically significant elevation in CD8 + cells. OA Isografts and allo- 
grafts were statistically indistinguishable from fresh isografts, indicating that cell-mediated immune rejection was occurring only 
in fresh allognifts. Symbols above the columns designate a significant difference from fre»h isograft (*> T fresh allograft (**). OA 
isograft and OA allograft (+ +). 
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FIG. 3« Longitudinal sections of tissue were cut from (ft) fresh isografts, (b) fresh allografts, (e) OA ingrafts, and (d) OA al- 
lografts harvested 28 days after implantation. Tissue sections were stained for macrophages, immune cells involve*! in Waller- 
tan degeneration, nerve TTCgcncmtton, and tissue inflammation. Scale bar; 200 jitm, 




Frcoh Ifiogrcrft f rashAU&graft OAAIo^rorfl OAk&sraft 

FIG. 4. Level of macrophages present in fresh and OA nerve grafts after 28 days was evaluated by determining the percent- 
age of area stained in longitudinal tissue sections. Fresh allografts demonstrated a statistically significant elcvatvdn in macro- 
phages compared with fresh isograftg. OA isograffcs and allograft* were statistically indistinguishable from fresh ifidgrafta* freah 
allografts, and each other, suggesting that any residual chemicals in the graft did not cause a significant mflammotoVy response- 
Symbols above the columns designate a significant difference from fresh isograft (*) and fresh allograft P" 11 ). 
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FIG. 5» Cross-sections of basal laminae were visual i/xd by laminin staining. The ringJtfcc appearance of the o^cti tubes in 
(a) fresh nerve tissue, (b) an OA graft, and (e) an F-T graft suggests the preservation of the basal laminae. Rings are difficult to 
distingtiish in (d) a Sondcll graft, suggesting that the basal laminae wore damaged during the dceellulorittttion treatment. Scale 
bar: 10 pm. 



OA grafts support regenerating axons 

The capacity of the OA graft to support nerve regen- 
eration was tested by examining the growth of axons 
through the various nerve isografts after 28 and 84 days. 
All tbc grafts were isografts. harvested from and im- 
planted into HSD rats. Thz grafts included (1) fresh iso- 



grafts, (2) OA grafts, (3) Sonde!) grafts, and <4) F-T 
grafts. Longitudinal sections and cross-sections of the 
grafts were stained for neurofilaments (i.e.. cytosfcejetal 
proteins found in axons). At 28 days, new axons had 
grown completely across the grafts (Fig. 6). The axons 
appeared to meet resistance crossing from the proximal 




^.hm .,::::: '::^", tv;;:,- :• jjj ffir4- 

FIG. 6. Agonal regeneration through 28-day OA nerve grafts was demonstrated by staining longitudinal tissue segments fcrr 
neurofilaments. Random patterns jn the axons at the junctions of the (a) proximal nerve and graft and (c) the graft and distal 
nerve suggest a lack of guidance as the axons crossed into and Out of the graft. However, axons at (b) the midpoint of the graft 
were highly aligned, suggesting that they wen: guided by the extracellular structure of the graft. Suture marks (S) at the nerve-graft 
junction are *hown in (a) and (e). Scale bar 100 /um 
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nerve end into the graft and from the graft into the dis- 
tal nerve end, as demonstrated by the ncmlinearity of neu- 
rofilaments around the suture points (Fig. 6a and (6c). 
However, once the axons extended into the graft, they 
grew linearly, as demonstrated by the parallel neurofila- 
ments at the midpoint of the graft (Fig. 6b). Similarly, 
the axons grew linearly in the distal direction once they 
extended into the distal nerve end (data not shown). The 
some pattern was observed in the 84-day OA grafts. His- 
tological staining on longitudinal sections also showed 
that Schwann cells were present throughout all graft types 
at both tirne points (data not shown). Thus, the OA. nerve 
grafts supported axonal regeneration and guided axons 
toward the distal nerve end. 

Regenerative capacity ofoptifmzed graft 
surpasses other ctcellular models 

In Addition to visually examining the growth of axons 
through the grafts, axon density in grafts was determined. 
The same OA gratis and fresh isografts that were har- 
vested 28 and 84 days after implantation and sectioned 
longitudinally were subsequently cross-sectioned at the 
midpoint, stained for neurofilaments, and examined. In 
the 28Klay grafts, the fresh grafts (n = 9) and OA grafts 
(n-7) were nearly identical with axon densities of 0.9 
and 0.98 axons/1 00 /Am 2 , respectively (Fig. 7). The F-T 
grafts {n = 5) had 0 50 axons/100 ^m 2 s and the Sondell 
grafts (n = 6) bad 0.69 axons/100 ju.ni 2 . Axon density in 
the F-T grafts was significantly lower than in the fresh 
grafts and the OA grafts (p < 0.01 ). Axon density in the 



Sondell grafts was also significantly lower ihaft in the 
fresh grafts ip < 0.01) and the OA grafts (p < 0.05). 

Fresh grafts (n = 5) and OA grafts (n = 5) harvested 
after 84 days were still not significantly different, with 
axon densities of 0.73 and 0.92 axons/) 00 /xm 2 , respec- 
tively (Fig. 7). The f^-T grafts (n = 3) had 0.10 axons/100 
tim\ and the Sondell grafts (r? - 3) had 0.23 axons/100 
/Am 2 . Axon density in the F-T grafts was significantly 
lower man in the fresh grafts (p < 0.05) and the OA grafts 
0 < 0.05). Axon density in die Sondell grafts was not 
significantly lower than in the fresh grafts, but was sig- 
nificantly lower than in the OA grafts (p < 6.05). 

Because the freeze-thaw dcccllularization process 
does not remove cellular debris and the Sondell decclhi- 
larizatron process does not preserve the ECM, the higher 
axon densities at 24 and 84 days in the OA grafts sug- 
gest that removing cellular debris and preserving the 
ECM improve the regenerative capacity of aceTlular nerve 
grafts. 



DISCUSSION 

An alternative method for treating severed peripheral 
nerves is needed to avoid multiple surgeries* donor site 
morbidity, and other drawbacks associated with the au- 
tograft Acellular nerve grafts, derived from donor nerve 
tissue, are composed of endogenous tissue proteins. Be- 
cause of their natural composition and the fact that ax- 
ons preferentially grow through the basal lamina tubes 




28 Days 



S4 Days 



FIG. 7. The regenerative capacity of four nerve graft models was evaluated by measuring axon density in cross-sections of the 
grafts 28 days after implantation and 34 days after implantation. Fresh isografts served as a model for the autograft (positive con- 
trot). Axon density in fresh grafts and OA grafts was statistically indistinguishable. F/T grafts had the lowest axon density, im- 
plying that the presence of cellular debri* may reduce the rcgcncraLivi; capacity of an acellular graft Sondell graft* demonstrated 
a statistically lower axon density than OA grafts after 84 days* suggesting Hint preservation of the ECM increased the regenera- 
tive capacity of OA grafts. Symbols above the columns designate a significant difference from fresh graft (*). OA graft (**)» ¥/T 
(+), and Sondell (+ +) graft 
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found in nerve tissue, acellular nerve grafts exhibit po- 
tential for use as a next-generation nerve graft. Wc hy- 
pothesized that improving the decellularization process 
to yield a better-preserved ECM would lead to an im- 
provement in regeneration. However, for OA grafts to be 
used clinically, they must also be immunologically tol- 
erated. In previous work, wc developed a method of re- 
moving the cellular material believed to be responsible 
for immunological rejection while also preserving the 
ECM of nerve lissue. In the current work, the OA graft 
was tested hi vivo to determine its regenerative capacity 
and immunogenicity. 

Cellular antigens are predominantly responsible for the 
immunological rejection associated with nerve allografts, 
particularly the antigens associated with Schwann cells, 
endothelial cells, and macrophages. IS - 22 * 23 The removal 
of cellular components by the OA protocol was corre- 
lated with the immunological response to an allograft. 
The major histocompatibility complex (MHC) of the rat 
is called RT1 and is highly polymorphic r 4 - Rat strains 
can be characterized by their RT1 haplotypc (eg., RTlb, 
RTd. RTIO, Matching of haplotypes plays a predominant 
role in allograft survival. Gulati and Cole demonstrated 
that in allografts involving strains of different RTl hap- 
lotypes, the increased presence of immune cells associ- 
ated with rejection was readily detectable at 28 days.' 8 
Thus, fresh nerve tissue from an HSD rat (RTlb) im- 
planted into a Lewis rat (RTil) (i.e.. a fresh allograft) 
should display signs of immunological rejection after 28 
days. Similarly, an acellular allograft should be rejected 
if the graft contains membrane-bound antigens associated 
with the RTl haplotype. 

Rat cytotoxic T cells carry a CD8 cell surface marker 
(i.e., they are CD8 + cells), and the presence of cytotoxic 
T cells is an important indicator of cell-mediated graft 
rejection. However, a moderate number of CDS* cells 
that are not cytotoxic should be present in any nerve graft 
after 28 days, whether or not it is undergoing rejection. 
The noncytotoxic CD8 + cells arc a subset of macro- 
phages that arc known to invade after sciatic nerve in- 
juries, even in the absence of rejection. 25 Macrophages 
arc immune cells that respond to nerve injury, 2 * clear cel- 
lular debris during nerve degeneration, 27 and support re- 
generation by inducing and producing growth factors. 28 
In the case of a rejected allograft, higher numbers of mac- 
rophages should be present. 2 * However, macrophages 
also respond to other cues in the regenerating nerve, so 
an increase in macrophages without a concomitant in- 
crease in CD8+ cells docs not indicate rejection. Thus, 
the presence of CD8'' cells and macrophages was antic- 
ipated io all four graft models. However, a statistically 
significant increase in both CD8 4 " cells and macrophages 
io a graft, when compared with a fresh isograft, would 
indicate that the graft was undergoing cell-mediated .re- 
jection. 



Immunological tolerance of OA grafts- 
wax confirmed 

As anticipated, the fresh allografts exhibited a statisti- 
cal increase in both CD8 + cells and macrophages com- 
pared with fresh isografts (Figs- 2 and 4). The OA allo- 
grafts did not show an increase in CD8 + cells compared 
with fresh isografts, indicating that they did riot elicit re- 
jection. Further evidence that the OA allografts were not 
rejected arc the similar levels of CD8 + cells and macro- 
phages in the OA isografts and OA allografts. 

Macrophage invasion into the OA grafts appeared 
slightly higher than invasion into the fresh isografts, al- 
though not significantly. A possible cause for the ele- 
vated level of macrophages in the OA grafts' compared 
with the fresh isografts is that the open basal lamina tubes 
and the absence of myelin fXirrnitted a greater number of 
macrophages to invade and remain inside the OA grafts. 
This may be beneficial because macrophages produce 
growth factors. In summary, the antigens that would have 
initiated cell-mediated immunological rejection of OA al- 
lografts were removed. 

Regenerative capacity correlated io graft 
structure and content 

The two design criteria for the OA grafts were to re- 
move cellular material and to provide structural support 
for regenerating nerves. It was hypothesized that this 
would improve regeneration in comparison with other 
acclluJar grafts. The importance of structural suppoii was 
revealed through histological examination of longitudi- 
nal tissue sections. Axons grew linearly in regions of de- 
fined structure (e.g., in the nerve graft and distal nerve 
cable), but their path was irregular in regions where the 
graft was attached to the nerve ends (Fig, 6): The irreg- 
ular patterns wore potentially caused by the misalignment 
of basal laminae at the junctions between the nerve ends 
and the graft. As the axons crossed into an<t out of the 
graft they had to find new basat laminae to provide them 
with guidance. 

. In addition to providing guidance, OA grafts also sup- 
ported higher axon densities after 24 and 84 days than 
did other published acellular graft models (Fig> 7). The 
lowest axon densities were found in F-T grafts. Although 
the structural preservation in F-T grafts was 1 similar to 
that in optimized grafts (Fig. 5), the F-T profcedtuxj was 
the only decellularizatlon procedure that did uot remove 
cellular debris. Thus, a correlation is suggested between 
the presence of cell debris and a reduction in the level of 
nerve regeneration. The primary difference between Son- 
dell grafts and OA grafts was preservation of the ECM 
(Fig. 5). Consequendy, die higher axon density in OA 
grafts stiggesrs that providing regenerating axons with an 
ECM structure thatmimicks native nerve is important for 
maximizing regeneration in an acellular graft. The im- 
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portancc of these factors appears to become more evident 
over longer time periods, with the OA graft demonstrat- 
ing axon densities 910% higher than the F-T graft and 
401% higher than the Sondell graft after 84 days. 

Because fresh isografts were the only grafts mat con- 
tained living ceils (e.g., Schwann cells and macrophages) 
that aid regeneration, they were expected to support 
higher axon densities than any of the acellular grafts. The 
data suggest that in 10-mm nerve grafts, the combination 
of desirable structure and the removal of cellular debris 
was sufficient to attain axon densities statistically indis- 
tinguishable from those in fresh isografts (Fig. 7). In the 
case of longer grafts, however, the need for support cells 
is expected to be more crucial. The OA graft can be used 
to treat injuries with longer gaps by incorporation of cells 
(e.g., Schwann cells) before implantation. 

This work suggests that the OA graft may serve as a 
starting template for an off-the-shelf nerve graft. In addi- 
tion, this graft is well suited for studying specific aspects 
of nerve regeneration. Cellular components' 1 (e.g., 
Schwann cells and macrophages) and growth factors 3 * arc 
important for successful peripheral nerve regeneration. 
Excellent research Is being performed with growth fac- 
tors in fabricated systems, 33 " -35 but the interaction of those 
components with the natural nerve environment is also 
important and could lead to further improvements. The 
natural structural environment of the OA graft makes it 
an ideal model for studying these interactions and for ex- 
ambling individual cell types and growth factors through 
selective incorporation into the graft. As more informa- 
tion is gained about the role of the ECM. support cells, 
and gmwth factors, better therapeutic systems can be en- 
gineered for stimulating nerve regeneration. 
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